SUMOylation is a reversible post translational modification of proteins that regulates protein stabilization, nucleocytoplasmic transport, and protein-protein interactions. Several viruses and bacteria modulate host SUMOylation machinery for efficient infection. Plasmodium sporozoites are infective forms of malaria parasite that invade mammalian hepatocytes and transforms into exoerythrocytic forms (EEFs). Here, we show that during EEF development, the distribution of SUMOylated proteins in host cell nuclei was significantly reduced and expression of the SUMOylation enzymes was downregulated. Plasmodium EEFs destabilized the host cytoplasmic protein SMAD4 by inhibiting its SUMOylation. SUMO1 overexpression was detrimental to EEF growth, and insufficiency of the only conjugating enzyme Ubc9/E2 promoted EEF growth. The expression of genes involved in suppression of host cell defense pathways during infection was reversed during SUMO1 overexpression, as revealed by transcriptomic analysis. The inhibition of host cell SUMOylation was also observed during Toxoplasma infection. We provide a hitherto unknown mechanism of regulating host gene expression by Apicomplexan parasites through altering host SUMOylation.
| INTRODUCTION
Malaria infection is initiated when sporozoites are introduced in the mammalian host by the bite of a female Anopheles mosquito.
The sporozoites selectively invade hepatocytes and develop into exoerythrocytic forms (EEFs) inside a parasitophorous vacuole (Prudencio, Rodriguez, & Mota, 2006) . The intrahepatic development of Plasmodium is an obligatory step before the onset of disease. Very little is known about the parasite liver stage and their interactions with host cell. Apicomplexan parasites subvert their host cell functions to access essential nutrients and escape from host defense mechanisms. The host processes that are targeted include modulation of gene expression, protein synthesis, membrane trafficking, antigen presentation, and apoptosis (Plattner & Soldati-Favre, 2008) . In addition to the orchestration of the above host cellular mechanisms, parasites have evolved to manipulate specialized host cellular processes-the posttranslational modifications (PTMs). The first study providing evidence for a pathogenderived toxin in catalyzing PTM of host protein was reported 5 decades ago (Collier & Cole, 1969) . Since then, significant numbers of host PTMs induced, mediated, or counteracted by different pathogens have been reported (Randow & Lehner, 2009; .
In addition to ubiquitin, a family of substrates called ubiquitinlike proteins (UBLs) is covalently linked to the target protein and influences diverse biological processes. One such member of UBLs is small ubiquitin-like modifier (SUMO), a 12-kDa polypeptide found ubiquitously in the eukaryotic kingdom. SUMOylation, the covalent linkage of SUMO moiety on Lys residue of the target protein, is mediated by the sequential action of three enzymes: E1-SAE1/ SAE2 heterodimer (activating enzyme), E2/Ubc9 (conjugating enzyme), and E3 enzymes (ligating enzymes). SUMOylation is essential for many cellular functions such as transcription regulation, intracellular transport, maintenance of genome integrity, protein stability, stress responses, and many other biological functions (Zhao, 2007) .
Consistent with the indispensable role of SUMOylation in the host cell, the exploitation of host SUMOylation by bacterial pathogens such as Listeria , Salmonella (Verma et al., 2015) , Anaplasma (Beyer et al., 2015) , and many viral pathogens (Boggio & Chiocca, 2006 ) is well documented. However, there are no reports till date showing the modulation of host SUMOylation by Apicomplexan parasites. In this study, we provide evidence for manipulation of host cell SUMOylation by two well-studied Apicomplexan parasitesPlasmodium and Toxoplasma. We demonstrate for the first time that both parasites downregulate host SUMOylation machinery for efficient infection and growth. 2.2 | Transient overexpression of SUMO1 in HepG2 cells does not compromise P. berghei sporozoite entry into the host cells, but attenuates intracellular growth of the parasite In order to investigate how the cellular levels of SUMOylation may impact the intrahepatic transformation of sporozoites, we transiently overexpressed SUMO1-FLAG in HepG2 cells and analyzed the fate of developing P. berghei EEFs. At 48-hr postinfection with sporozoites, the parasite burden in transfected cultures was analyzed by quantifying the Pb18SrRNA copy number by quantitative reverse transcription polymerase chain reaction (qRT-PCR). We observed six-to seven-fold decrease in the parasite burden in SUMO1-FLAG-overexpressing HepG2 cells (Figure 1b) . In order to investigate whether the observed decrease in parasite burden was due to compromised invasion of sporozoites or block in EEF development, we performed sporozoite invasion assay and quantified the infectivity of sporozoites. We observed that invasion efficiency of sporozoites was almost the same in SUMO1-FLAG overexpressing and control HepG2 cells (Figure 1c ).
We next analyzed the development of EEFs in HepG2 cells overexpressing SUMO1-FLAG. At 48-hr time point, the EEFs were drastically attenuated in their growth in SUMO1-overexpressing cells (Figure 1d -A) as compared to those growing in control cells (Figure 1d-B) . We conclude that transient overexpression of SUMO1 has detrimental effect only on EEF development and does not affect sporozoite infectivity.
2.3 | A minimal induction of SUMO1-GFPt (Green Fluorescent Protein) in HepG2 cells using Tet-regulated expression system attenuates the growth of the P. berghei EEFs To reiterate our findings on the detrimental effect of SUMO1 overexpression on EEF development in vitro, we generated a Tet-regulated SUMO1-GFP expression system in HepG2 cells. Towards this end, we first generated HepG2 cells expressing TetR transactivator.
Western blotting revealed that clone 6 expressed high levels of TetR ( Figure 1e ). The TetR expressing HepG2 cells was further transfected with pTRE3G-SUMO + GFP plasmid that is responsive to doxycycline. The cultures were exposed to different concentrations of doxycycline, and the expression of Tet-SUMO1 + GFP expression was observed at a minimum concentration of 10 ng/ml (Figure 1f ). Under these conditions, the cells were infected with sporozoites and monitored for EEF growth. At 48-hr postinfection, we observed EEF growth attenuation in Tet-SUMO1 + GFP-expressing cells (Figure 1g-A) . As an appropriate control, we transfected the TetR HepG2 cells with pTRE3G-GFP plasmid and observed no defect in EEF development in cells expressing Tet-GFP (Figure 1g-B) . In fact, the EEF development was indistinguishable in Tet-GFP-transfected cell and nontransfected cell ( Figure S2 ).
We quantified the EEF size from HepG2 cells expressing Tet-GFP and Tet-SUMO1 + GFP and noted a seven-fold decrease in EEF size in Tet-SUMO1 + GFP-expressing cells (Figure 1g-C) . We conclude that a minimal expression of SUMO1 likely activates effector mechanisms in host cells that limit growth of EEFs.
2.4 | Short hairpin RNA-mediated silencing of host E2/Ubc9 facilitates better development of P. berghei EEFs Because overexpression of SUMO1 was unfavorable for EEF development, we next analyzed if downregulation of any one of the host SUMOylation enzymes would favor growth of EEFs. We transfected HepG2 cells with short hairpin RNA (shRNA) GFP reporter constructs specific for host Ubc9 (four variants and one scrambled) and added sporozoites to these cultures. We monitored the growth of EEFs at 32 hr by measuring its size. We found significant increase in the size of EEFs transfected with shRNA 83 and 84 (Figure 2a-A) .
We also confirmed these findings independently by measuring the parasite 18srRNA burden (Figure 2a-B) . However, we observed some discrepancy in EEF size (Figure 2a-A) versus parasite 18srRNA burden (Figure 2a-B) and a likely explanation for this may be the antibody ( Figure S3A ) that revealed varying but significant reduction in the levels of Ubc9/E2 in cells transfected with shRNA variants 81, 82, 83, and 84. Further, the shRNA-transfected cell lysates were also analyzed for overall SUMO conjugation to cellular proteins. Western blot analysis using anti-SUMO1 antibody revealed an overall decrease in SUMO1 conjugation to cellular proteins ( Figure S3B ).
We conclude that depleting Ubc9/E2 enzyme of the host SUMO machinery favors the maturation of P. berghei EEFs by promoting its growth. 2.6 | Transcriptomic analysis revealed induction of defense-related genes associated with SUMO1 overexpression that likely inhibits the growth of P. berghei EEFs (Figure 4c-B) . Downregulation of SUMO1 and enzymes of SUMOylation machinery was also noted in T. gondii at 24-hr postinfection ( Figure 4d) ; however, the fold change in expression of genes investigated varied from 1.8 to 5.3 fold, which was far less dramatic as compared to P. berghei.
| Translocation of SUMOylated SMAD4 complex to nucleus is precluded in HepG2 cells harboring Plasmodium EEFs and T. gondii
In order to understand how intracellular parasites block nuclear translocation of SUMOylated proteins, we investigated a signaling pathway mediated by transforming growth factor (TGF)-β, which enhances the nuclear accumulation of SMAD4 complex by SUMOylation (Lin et al., 2003) . We therefore analyzed the transcriptional activity of SMAD4 using a TGF-β-SMAD4 reporter assay ( Figure S5 ). We observed nearly 50% decrease in transcriptional activity of SMAD4 in the presence of Plasmodium EEFs (as compared to mock infection) and T. gondii (Figure 4e ). We infer that both parasites reduce the nuclear translocation of SUMOylated SMAD4 complex. In line with such prediction, we indeed noted downregulation of SMAD4 target such as IRF2BP2, CDKN1A (p21), and SKIL (SnoN) in 24-hr cultures infected with P. berghei sporozoites and T. gondii (Figure 4f ). We conclude that both Plasmodium and Toxoplasma inhibit SUMOylation of SMAD4 likely to minimize the expression of SMAD4 responsive genes.
| DISCUSSION
Several lines of evidence suggest that viruses and intracellular pathogens modify the host SUMOylation machinery for successful establishment of infection. The spectrum of activities altered by modulating SUMO conjugation includes signal transduction, gene expression, chromatin structure, and maintenance of genome (Gill, 2004) . In this study, we investigated the mechanism used by P. berghei EEFs and T. gondii to alter the host cell SUMOylation during their intracellular growth. Because overexpression of SUMO1 inhibited the intracellular growth of both parasites, we studied the mechanism that lead to the parasite growth arrest. Previous studies (Lin et al., 2003) Error bars: SEM, n = 4, *p value < .05 compared with control. (e) Plasmodium exoerythrocytic forms (EEFs) and Toxoplasma inhibit the SUMOylation of host SMAD4 and its transcriptional activity. The GFP fluorescence was quantified in HepG2 cells transfected with SMAD4-GFP reporter plasmid followed by treatment with or without transforming growth factor beta in the presence of Plasmodium berghei (Pb) and Toxoplasma (Tg), error bars: SEM, n = 4, *p value < 0.05 compared with control. (f) The qRT-PCR quantification of SMAD4 targets IRF2B2, CDKN1A, and SKIL in noninfected HepG2 cells (control) and cells infected with P. berghei sporozoites (Pb inf) and Toxoplasma tacyzoites (Tg inf), error bars: SEM, n = 4, *p value < 0.05 compared with control these observations strongly support the ability of infected cells to resist apoptosis for the successful propagation of both parasites. Other than SMAD4, STAT1 is a target for modification by SUMO1 (Ungureanu, Vanhatupa, Gronholm, Palvimo, & Silvennoinen, 2005) .
Studies in Plasmodium (Liehl et al., 2014) and Toxoplasma (Kim, Fouts, & Boothroyd, 2007) Because overexpression of SUMO1 or silencing of Ubc9/E2 impacted the EEF growth, it is likely that sporozoites destined for the transformation may only interfere with host SUMOylation process rather than during their transient association with hepatocyte cytoplasm, prior to productive invasion. However, further investigation is needed to clarify the latter statement. We did not observe any changes in the expression of the de-SUMOylase (SENP4) suggesting that this pathway was not affected by both Plasmodium and Toxoplasma ( Figure S4 ).
Comparison of differentially expressed genes during sporozoite infection in the absence (Spz+) or presence of SUMO overexpression (SUMO1 + Spz+) revealed that during EEF development, P. berghei takes over the host SUMOylation to create an antiapoptotic, proliferative environment that is beneficial for its growth. We observed the levels of PTGS2, KIT, and SOCS3 were upregulated in sporozoiteinfected cultures (Spz+). PTGS2/COX-2 is responsible for production of the inflammatory prostaglandins, which plays important roles in resistance to apoptosis and proliferation (Greenhough et al., 2009 ). In Trypanosoma cruzi, celecoxib-mediated downregulation of COX-2 impairs parasite entry into cardiac cells (Malvezi et al., 2014) , and in Leishmania infantum, production of the Prostagalandin E2 mediated by COX2 benefits the parasite survival (Saha et al., 2014) . Thus, in
Plasmodium hepatic stages, it may be envisaged that a similar strategy for modulation of host COX2 pathway occurs to establish successful infection. SOCS3 plays a role in regulation of STAT3 signaling in the outcome of infection with Mycobacterium tuberculosis (Rottenberg & Carow, 2014) . C-KIT (KIT) plays an important role in regulation of cell proliferation and survival, stem cell maintenance, and migration. KIT can activate several signaling pathways including activation of Akt/ PI3K, STAT1/3/5, and PLCG1. PI3K pathway is required for successful infection of intracellular bacteria (Jiwani et al., 2012; Kuijl et al., 2007; Micheva-Viteva, Shou, Nowak-Lovato, Rector, & Hong-Geller, 2013 (Woods et al., 2011) .
The upregulation of IFIT2 in SUMO1 + Spz + condition may direct the cells to undergo apoptosis. The RNA-binding ability of IFIT2 protein is required for antiviral activity and to promote apoptosis (Reich, 2013) . Further, IFIT2 is also known to modulate the microtubule network implicated in cell reorganization during Anncaliia algerae infection as a host response to clear infection (Panek et al., 2014) . The cytokines CCL5 and IL4 are part of the cascade of events leading to efficient parasite control in Leishmania major (Santiago et al., 2004) and Listeria (Kaufmann, Emoto, Szalay, Barsig, & Flesch, 1997) infections, respectively. Thus, SUMO1-mediated upregulation of CCL5 and IL4 may play an important role in host cell defense. In Leishmania, the promastigotes engage PI3K/Akt signaling, which confers to the infected cell, the capacity to resist cell death from activators of apoptosis. Our studies showing upregulation of Akt pathway during SUMO1 + Spz + condition may likely hint to a similar host cell resistance mechanisms being activated that counteract the effects of Plasmodium EEFs.
Our transcriptome data from P. berghei-infected HepG2 cells (Spz+), when compared to previous study of transcriptional landscape of murine hepatoma (Hepa1-6) cells infected with P. berghei sporozoites (Albuquerque et al., 2009) Although our studies do not demonstrate a direct role of MAPK pathway in Spz + condition, we nonetheless hypothesize that the TLR2 and TLR6 upregulation observed in our study may involve MAPK loop.
In conclusion, we provide evidence for the first time that 
| Plasmids
Respectively, pCDNA3.1-SUMO1-FLAG and pTRE3G-SUMO1-GFP encode mature forms of SUMO1 with C-terminal FLAG and GFP tags. 
| Culturing of T. gondii tachyzoites and infection to HepG2 cells
Human foreskin fibroblast cells were maintained similarly as described above. The cells were grown to 90% confluency, and cryopreserved T. gondii RH tachyzoites were added to cultures and maintained for 4 days to allow the parasites to multiply. 
| Western blot analysis
Protein samples were prepared by lysing the cultured cells in RIPA buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO4, and 1 μg/ml leupeptin). Samples were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, blocked in 3% skimmed milk in TBS, and probed with antibodies. Primary antibodies used in this study were mouse anti-TetR (Clonetech) used at 1:2,000 dilution, rabbit anti-Ubc9 
| Labeling and microarray hybridization
The samples for gene expression analysis were labeled using Agilent Quick Amp Labeling Kit (p/n5190-0442). Five hundred nanograms each of total RNA were reverse transcribed at 40°C using Oligo dT primer tagged to a T7 polymerase promoter, and RNA was converted to double stranded cDNA. Synthesized double stranded cDNA were used as template for cRNA samples generation. By in vitro transcription, cRNA was generated, and the dye Cy3-CTP (Agilent) was incorporated during this critical step. The cDNA synthesis and in vitro transcription steps were carried out at 40°C. Labeled cRNA was purified using Qiagen RNeasy columns (Qiagen, Cat No: 74106) and quality assessed for yields and specific activity using the Nanodrop ND-1000.
| Hybridization and scanning
Six hundred nanograms of labeled cRNA sample were fragmented at 
| Feature extraction: image analysis
Data extraction from images was done using Agilent Feature Extraction software.
| Microarray data analysis
Feature-extracted raw data was analyzed using Agilent GeneSpring GX software. Normalization of the data was done with GeneSpring GX 
| TA cloning to generate standards for qRT-PCR quantification
For quantification of target gene expression, real-time PCR analysis was done by absolute quantification method. Briefly, primers were designed for genes as indicated in Table S1 . Primers spanning the exon-exon junctions were selected that amplified a product in the range of 100-150 bp. The PCR products were ligated into TA vector (pTZ57 R/T, Thermo). The recombinant TA clones were used to prepare the gene standards based on the size.
| Real-time PCR quantification
Real-time PCR was performed with Mastercycler ep realplex (Eppendorf) using IQ SYBR green super mix (Biorad). Gene expression was determined by absolute quantification method. Data normalization was done by obtaining ratio of target gene copy number and host GAPDH (hGAPDH) copy number. Microsoft excel was used to plot the graphs and for statistical analysis.
| Microarray data accession number
The complete microarray data set can be accessed from the NCBI GEO database (accession code GSE72049). Toxoplasma gondii RH strain. We thank Surendra Kumar Kolli for assistance with preparing figures. Zhao, J. (2007) . Sumoylation regulates diverse biological processes. Cellular and Molecular Life Sciences: CMLS, 64, 3017-3033.
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